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EXECUTIVE SUMMARY

INTRODUCTION

Bioaccumulation potential is currently used m Europe and North America as a criterion for the
hazard classification of organics and is proposed for use with metals. Classification of substances is

based upon the premise that hazard can be identified using 'qnherent" properties of the substance. It
is known that organisms bioaccumulate and store metals m their tissues to levels higher than those
in their aqueous environment since many of the metals are essential to biological functions. Based
on this background, an m-depth review of the bioconcentration literature (laboratory tests) was
undertaken to address the following questions: (1) do the scientific data support that metals and

metal compounds are bioaccumulative and can this determination be made using the properties of
the substance?; (2) do bioconcentration factors for metals and metal compounds provide an

indication of the potential for long-t_mi effects in aquatic organisms?; and (3) is it appropriate to
use bioaccumulation as a hazard assessment tool for metals and metal compounds?

BACKGROUND

In hazard assessment, bioaccumulation potential is typically assessed using bioconcentration factors
(BCFs), on the basis that the ratio of the tissue to water concentration of a chemical is predictive of
adverse effects and may reflect a concern for trophic transfer of the substance. BCFs are often used
in place of bioaccumulation factors (BAFs) because the latter are not typically available. This
report demonstrates that metal BCFs for many taxonomic aquatic groups, and fish in particular, are
inversely related to the metal concentration in water. As a result, individual BCFs are not indicative

of a metal's bioaccumulation potential in these organisms (i.e., large BCFs do not indicate that
bioaccumulation potential is higher; they reflect lower exposure concentrations). Other types of
organisms are net accumulators of metals (i.e., they are able to store large quantities ofmetals in
detoxified forms). In these organisms, the BCF may be more indicative of bioaccumulation
potential, but the higher bioaccumulation potential does not appear to be related to increased
toxicity potential because the metal appears to be stored in a detoxified form. As such,
bioaccumulation potential of metals and metal compounds, whether measured as a BCF or tissue
residue, cannot be directly correlated with hazard.

METAL ESSENTIALITY

It is well known that a variety of metals are essential for various biological functions, such as
enzymatic and metabolic reactions. Metal bioaccumulation is an important process whereby aquatic
organisms obtain these essential metals. Aquatic biota regulate their internal concentrations of
essential metals in three ways: active regulation, storage, or a combination of active regulation and
storage. Active regulators are organisms that maintain stable tissue concentrations by excreting
metal at rates comparable to the intake rate. Other biota store metals m detoxified forms, such as in

inorganic granules or bound to metallothioneins. Some organisms use a combined regulatory
strategy. It should also be noted that non-essential metals are often also regulated to varying
degrees because the mechanisms for regulating essential metals are not metal-specific.

In general, essential metals such as copper and zinc tend to be actively regulated by organisms such
as decapod crustaceans, algae and fish. Conversely, organisms such as bivalve molluscs, barnacles,
and aquatic insects tend to store these metals in detoxified forms. Non-essential metals, such as

cadmium, are typically stored in detoxified forms and not actively regulated.
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RELATIONSHIP BETWEEN WATER CONCENTRATIONS AND METAL BCFS

As summarized above, many aquatic organisms regulate metals to varying degrees. Consequently,
an inverse relationship between water concentrations of metals and the corresponding BCF is often
observed. Tiffs is became at low water concentrations organisms are actively accumulating

essential metals (and often other metals via the same uptake mechanisms) to meet their metabolic
requirements. At higher water concentrations, organisms with active regulatory mechanisms are
able to excrete excess metals or limit uptake. As a result, metal concentrations m tissue based on a
range of exposure concentrations may be quite similar, but the BCFs will be quite variable (i.e.,
higher BCFs at lower exposure concentrations and lower BCFs at higher exposure concentrations).
Consequently, an individual BCF provides little information on the bioaccumulation potential of a
metal.

BIOACCUMULATION AS AN INDICATOR OF CHRONIC TOXICITY FOR METALS

The concept that BCFs can be used as an indicator of long-term or chronic toxicity to aquatic

organisms stems from the assumption that larger BCFs are indicative of higher tissue
concentrations, which m turn result in direct or secondary poisoning. This concept is primarily

relevant to organic chemicals with narcosis as the mode of toxic action. However, this relationship

does not apply to all chemicals, including metals. In fact, some studies have shown that
accumulated metal (whole body residue) may be poorly, or even negatively, correlated with

toxicity. Organisms that tend to bioaccumulate metals to high levels (e.g., bivalves, barnacles) do
so because :they are able to store the metals in detoxified forms (i.e., in granules, bound to
metallothionein). Consequently, the magnitude of a metal's BCF cannot be used as a predictor of

chronic toxicity.

SECONDARY POISONING AND BIOMAGNIFICATION OF METALS

Secondary poisoning results when toxicant concentrations m an organism reach a level that is toxic
to the organisms that feed on it. Substances that bioaccumulate or biomagnify m food webs often
are considered to have the greatest potential to cause secondary poisoning. It has been reported that
the classic concept of biomagnification and food chain poisoning, based primarily on chemicals
such as DDT and PCBs, does not hold for metals (naturally occurring organo-metals may be an

exception). This may be explained in part by the limited bioavailability of the inorganic forms of
metals in food and by the regulation of metals that occurs in both aquatic and terrestrial organisms.

A limited amount of site-specific data are available suggesting that some inorganic metal
compounds may result in secondary poisoning, but further research is needed on this topic.
Regardless, the literature clearly shows that BCFs cannot be used to estimate bioaccumulation and
biomagrtification potential for metals and metal compounds. Hence, they are not useful descriptors
of hazard.

CONCLUSIONS

This report concludes that metal BCFs are not indicative of the potential for direct toxicity, that

there is limited evidence that inorganic forms of metals result in secondary poisoning, and that
inorganic forms of metals do not biomagnify in food webs. Consequently, we conclude that

bioaccumulation is not an appropriate parameter for assessing the hazard potential of metals.
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1. INTRODUCTION

Hazardidentification is a process for detcrmimng whether chemical substances should be classified
as dangerousto the environment. Formal classification protocols based on hazard identification

, have been establishedin Europeand an intemationaUyharmonizedsystemforchemical
classificationisunderdevelopmentthroughtheOrganizationforEconomicCooperationand
Development(OECD). Chemicalsubstancesareclassifiedundertheseprotocolsbasedontheir
persistence,toxicity,andbioaccumulationpotential(e.g.,EU 1957,1991).Theseprotocolswere
primarilyderivedfororganicchemicals.

Overthepastseveralyears,a seriesofworkshopshavebeenheldtodiscusstheapplicabilityof
theseprotocolstometalsandmetalcompounds(e.g.,OECD 1995,Canada/EU1995).Basedonthe
workshopsandsubsequentdiscussions,itwasconcludedthatthecurrentuseofbioaccumulation
datainclassifyingorganiccompoundsisnot appropriateforclassifyingmetalsand metal
compounds.Reasonsforreachingthisconclusioninclude:

I.)Unlikeorganiccompoundsof anthropogenicorigin,metalsoccurnaturallyin the
environmentandmanymetalsareessentialnutrientsfororganisms.As aresult,organisms
havedevelopedhomeostaticprocessesforregulatinginternaltissueconcentrationsofmany
metals;

2.) Due to these homeostatic processes, an inverse relationship is often observed between
bioaccumulation and metal exposure. Consequently, use of a single bioconeentration factor
(BCF) for hazard classification is not appropriate for metals;

3.) Bioaccumulation has been used in hazard classification as a surrogate for chronic toxicity.
The premise behind this approach is that highly bioaccumulative chemicals are also more
likely to cause sublethal/chronic effects. As discussed in this report, the applicability of this
concept is not appropriate for metals and metal compounds; and

4.) There is not a clearrelationship between bioaccumulation potential and secondary poisorting
from metals (e.g., effects via prey ingestion).

The purpose of this report is to provide a detailed review of the scientific literature on each of the
above points. The report focuses on the bioaccurnulation potential of metals and inorganic metal
compounds. Organometalhc compounds behave differently in the environment and within
organisms. As such, these compounds need to be evaluated separately from a scientific perspective,
as well as from a regulatory perspective with regards to hazard classification. In the remainder of
this report, the term "metals" refers to metallic elements or inorganic metal compounds (e.g., CdCI2)
unless specified otherwise. This report specifically provides detailed summaries and/or analyses on:

1.) The state-of-the-science regarding bioaccumulation of trace metals in aquatic organisms
(e.g., Ag, Cd, Cu, Ni, Pb, Zn);

2.) Limitations on the use of BCFs for hazard identification;
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3.) Appropriate use of bioaecumulation data for metals as an indicator of secondary poisoning
(Canada/EU 1996); and

4.) Evaluation of biomagnification (increased concentrations at successively higher trophic
levels) for metals.
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2. REVIEW OF METAL BIOACCUMULATION

Althoughbioaccurnulationdataformetalsandmetalcompoundscanbe anextremelyusefultoolin

various applications when used appropriately, these data are inappropriate for hazard classification
of metalsand most metalcompounds.Metal bioaccumulationisan importantprocesswhereby

aquatic organisms acquire essential elements for key metabolic processes. The essentiality of
certain metals has led organisms to develop strategies for actively regulating and/or sequestering
metals m detoxified forms. Consequently, bioaccumulation potential, and the parameters typically

used to estimate it (e.g., BCFs), should not be interpreted for metals m the same manner as for

synthetic organic compounds. The more important issue, as Beyer (1986) pointed out, is that
overemphasizing bioaccumulation or biomagnification potential oRen diverts from the more

important question of whether metal concentrations in the enviroment are toxic to humans,
wildlife, or aquatic life.

The following first provides a brief overview of the strategies used by aquatic biota to regulate both
essential and non-essential metals. Bioconcentration factors for a variety of metals and aquatic

organisms are then graphically presented to demonstrate the difficulties in interpreting a single BCF.
Finally, a review of the scientific literature is presented to provide a summary of available
information on metal bioaccumulation and to evaluate the potential to use bioaccumulation data as

an indicator of direct toxicity or toxicity via secondary poisoning.

2.1 METAL ESSENTIALITY

It is well demonstrated that a number of metals are essential for various biological functions and are

critical in many of the enzymatic and metabolic reactions occurring within an organism. Several

metals (e.g., sodium, potassium, magnesium, and calcium) occur in large concentrations in
organisms. A second set of metals, termed trace metals, occur at much lower concentrations
(normally <0.01%) in organisms (Simkiss and Taylor 1989, Venugopal and Luckey 1974). Trace
metals can generally be categorized into essential and non-essential groups. Simply defined,
essential metals are those necessary for tissue metabolism and growth (Leland arid Kuwabara 1985).

Essential trace metals and some of the roles they play m organism metabolism and growth are
summarized m Table 1. Note that not all of these metals are known to be essential to aquatic biota.

For example, chromium is known to be essential to terrestrial vertebrates, but no references were
found which identified chromium as essential to aquatic life.

Other trace metals, such as cadmium, lead, mercury and silver, are generally considered non-
essential. However, these metals also appear to be regulated to varying degrees because the
mechanisms for regulating essential metals (described below) are not metal-specific (Phillips and
Rainbow 1989).
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Table1. Examplesof someessentialtracemetalsandtheirfunction.

Metal E_ampleof function

Chromium Cofaetorforinsulinaction

Cobalt ComponentofvitaminBt2

Copper Prostheticgroupofcytochromeandhemocyanin

Iron Prostheticgroupofhemoglobin

Manganese Cofactorof arginase

Molybdenum Cofactorof xanthineoxidase

Nickel Cofactorof urease

Selenium Cofactorof glutathionepcroxidase

Zinc Carbonicanhydrase,carboxy-peptidaseAand B

From:DepledgeandRainbow(1990),Parametrix(1995),andGoyer(1996).

2.2 HOMEOSTATIC CONTROL OF METALS

Given the number and importance of trace metals to aquatic life, organisms have developed a
variety of homeostatic control mechanisms to regulate their concentrations in vivo. The
mechanisms by which metal concentrations axe regulated vary widely between organisms (George

et al. 1980, Mason and Nott 1981, Rainbow et al. 1980, Simkiss 1981, White and Rainbow 1984,
Rainbow 1988, Viarengo 1989, Depledge and Rainbow 1990) and, as such, aquatic organisms are

generally classified as regulators, partial regulators, or non-regulators (Phillips and Rainbow 1989).
These terms are somewhat of a misnomer as all organisms regulate metals - it is the mechanisms by

wkich they do so that distinguishes them. Consequently, we have renamed these categories to more
accurately describe the mechanisms by which metals are regulated.

Active Regulation: Active regulators are organisms that maintain stable tissue concentrations by

excreting metal at rates comparable to the intake rate. Some decapod crustaceans, for example,
regulate zinc and copper using this mechanism (Rainbow 1988).

Active Regulation/Storage: Organisms in this group control internal metal concentrations through a
combination of active regulation and storage. Trace metals are usually stored in the form of
metallothioneins and occasionally as granules at high ambient concentrations (Phillips and Rainbow

1989). Storage is normally in the hepatopancreas and kidney. Metals stored in this fashion are
generally metabolically available. Fish and many invertebrates use this combined strategy of
regulation and storage.

Storage: Some orgamsms store large concentrations of metals in a detoxified, normally granular,
form. Storage location varies by metal and by species (Phillips and Rainbow 1989). For any given

species, organisms may exclusively use storage for one metal while using an active
regulation/storage strategy for a different metal. Additionally, some bivalve molluscs use both
metallothionein and granular storage mechanisms for detoxification. Metal and species-specific
examples of granular storage include zinc for barnacles (Rainbow 1987) and copper for oysters
(Brown 1982).
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The following provides a review, by metal, of the regulatory strategies used by different aquatic

biota. Most research on this topic has focused on cadmium, copper, and zinc. As a result, most of

the examples provided below are based on these metals. Where available, examples of regulatory

strategies are also provided for other metals. It should be noted that the regulatory mechanisms

used by aquatic biota to regulate metals do not always fall into the three discrete categories defined

above, but fall along a gradient of strategies (Rainbow ctal. 1990). A summary of the mechanisms

used by different biota for various metals is provided in Table 2.

Table 2. Examples of regulatory mechanisms used by aquatic organisms for several metals.

Active

Metal Active Regulation Regulation/Storage Storage

Cadmium
Bivalves X
Gastr_ods
Annelids X
Insects X
Ampl_pods
Decal_ods X X
B_'nacles X
Fish X

Col313er
Bivalves X

Gastropods X
Annelids X
Insects X
Anmlfipods X X
Decapods X X
Barnacles X
Fish X

Lead
Bivalves X
Gastr_ods X

Annelids X .
/meets X
An-mhi_ods X
DecaDods X X
Barnacles X
Fish X

Nickel
Bivalves
G-'astropods
Annelids
Insects

AnmhiDods
Decapods
Barnacles
Fish

Silver
Bivalves

Gastropods X
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Table2. -Examplesof regulatorymechanismsusedby aquaticorganismsforseversdmetalL(Continued)
Acuve

Metal A_ve Regulation Regulation/Storage Storage

Annelids X
Insects
Ar_hipods
Decaloods
Barnacles
Fish

Zinc
Bivalves X X
Gastropods X X
Armelids X
Insects X
Anmhipods X X
Decapods X
Barnacles X
Fish X

2.2.1 Cadmium

Active Regulation: There is no evidence in the scientific literature that non-essential metals such as
cadmium are actively regulated by aquatic biota (Rainbow 1996).

Active Regulation/Storage: Again, since no aquatic organisms are known to actively regulate
cadmium, there are no examples of species that use this combined strategy. Using growth dilution,

decapods are able to regulate low cadmium concentrations in a manner that approaches active
regulation, but m reality is not (Rainbow et al. 1990). Accumulated cadmium m decapods is usually
associated with metallothioneins and granules which may represent detoxified forms. In natural
systems, where cadmium concentrations in surface waters are very low, the growth rates of

organisms can dilute the cadmium concentrations in decapods. When bioavailable cadmium
concentrations reach a high enough level, the detoxification system fails and mortality results.

Storage: Barnacles are common examples of organisms that store metals in detoxified forms.
Rainbow et al. (1980), for example, demonstrated that cadmium binds to low and high molecular
weight proteins in the barnacle Semibalanus balanoides. In shrimp, cadmium can be tolerated at
concentrations significantly above 'normal' tissue levels. Because cadmium is known to be an

analogue for zinc in many metalloproteins, it is possible that cadmium only becomes toxic when
competing strongly with zinc for binding sites (White and Rainbow 1982). Cadmium also seems to
accumulate proportionally to its exposure level in the marine isopod ldotea baltica and is stored in
the organisms as granules in the hepatopancreas (de Nicola et al. 1993).

The scallop Mizuhopecten yessoensis is also a net accumulator (i.e., the uptake rate exceeds the

excretion rate) of cadmium (Lukyanova et al. 1993). Cadmium was observed to accumulate to high
levels in the kidney and hepatopancreas of the scallop in an age-dependent manner, even at

relatively low environmental concentrations. It appears that cadmium m the scallop binds to high
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molecular weight proteins that have the same biological significance as m_llothioneins in other
animals.

Kaland et al. (1993) studied the accumulation of cadmium in the marine gastropod Nassarius
reticulatus. Cadmium was sequestered by a minor pool of high molecular weight proteins and a

major pool of proteins with molecular weights similar in size to mammalian metallothionein. In
exposed organism,% cadmium was found to also bind to very low molecular weight proteins. The
authors suggest that the cadmium in this pool represents the "spill over" from the detoxified
cadmium bound to metallothionein-like proteins and is more metabolically available.

Spehar et al. (1978) exposed insects (Pteronarcys dorsata and Hydropsyche betteni) and a snail

(Physa integra) to cadmium. All species were shown to be net accumulators of cadmium.
Cadmium residues in P. dorsata and P. integra increased with increasing exposure concentration,

while residues in H. betteni reached an equilibrium at higher exposure concentrations.

2.2.2 Copper

Active Regulation: Rainbow and White (1989) determined that the shrimp Palaemon elegans can
actively regulate aqueous dissolved copper concentrations up to 100 _tg/L. As summarized in
Rainbow and White (1989), other decapods known to regulate their body concentrations of copper

include the lobster Homarus gammarus, the crab Carcinus maenas, and the shrimp Crangon
crangon. The amphipod Echinogammarus pirlon" uses a different mechanism for actively
regulating internal copper concentrations. E. pirloti does not actively excrete excess copper, rather,
it accumulates copper at a low net rate relative to its body growth rate (Rainbow and White 1989).

It appears that some species of polychaetes may also be able to actively regulate body
concentrations of copper (Young et al. 1979, Pesch and Morgan 1978). Young et al. (1979)

observed that copper residues in the polychaete Eudistylia vancouveri were relatively constant over
a 33 day exposure period and that only in the highest exposure concentration did the residue
concentration steadily rise during the exposure period. The authors hypothesized that the copper
residues in the polychaetes were in equilibrium with the lower treatment mediums, but that
regulatory abilities were exceeded in the highest copper concentration. Pesch and Morgan (1978)
also suggest that the polychaete Neanthes arenaceodentata may be able to actively excrete excess
copper from its body.

Active Regulation/Storage: As discussed above, many decapods are active regulators of copper. In

regulating internal copper concentrations, copper is bound to metallothioneins, a process which can
be of significance in detoxification (Rainbow et al. 1990). For example, aider breakdown of active
copper regulation, P. elegans can survive with accumulated copper concentrations up to

approximately 700 mg/kg, suggesting that at least some of the accumulated copper is in detoxified
form (Rainbow et al. 1990). In addition, copper-rich granules may be present in hepatopancreatic

cells at these high copper concentrations (Rainbow et al. 1990). Consequently, although decapods
actively regulate internal copper concentrations, they also have the capacity to store some excess
copper in detoxified forms.
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Storage: Like cadmium, copper binds to low and high molecular weight proteins in the barnacle
Semibalanus balanoides (Rainbow ¢t al. 1980). Another example of net accumulators are
chironomid larvae (Timmermans and Walker 1989).

The marine gastropod (N. reticulatus) has been observed to accumulate copper m all tissues - but
given that the gastropods were exposed to low copper concentrations it is not possible to determine
their regulatory strategy because their regulatory strategy may not have been saturated (Kaland et al.
1993). Most copper was bound to proteins similar to mammalian metaUothionein. In addition,
Brown (1982) observed that oysters store copper in granules.

2.2.3 Lead

Active Regulation: No studies were identified in the scientific literature demonstrating that lead
tissue concentrations can be actively regulated by aquatic biota. This is expected since lead is a
non-essential metal and there is no evidence for active regulation of non-essential metals.

Active Regulation/Storage: No data were identified on organisms that use these combined
regulatory mechanisms.

Storage: Lead will bind to metallothionem, but also has an affinity (probably higher) for other
metabolic ligands as it is, often associated with deposited inorganic granules with high
concentrations of calcium (Rainbow 1988). Hopkin and Nott (1979) demonstrated that the shore

crab (Carcinus maenas) detoxifies lead in calciferous granules in the midgut gland. The midgut
gland connects to the alimentary tract, where these granules have the potential to be lost through
defecation.

Because lead BCF data for bivalves (discussed later in this report) tend to remain constant
regardless of exposure concentration, it is likely that lead is stored in many of these organisms. This
has been suggested for the zebra mussel Dreissena polymorpha (Bleeker et al. 1992, Kraak et al.
1994), the blue mussel Mytilus edulis (Talbot et al. 1976, Schulz-Baldes 1974), the Eastern oyster
Crassostrea virginica (Prmgle et al. 1968, Shuster and Pringle 1969, Zaroogian et al. 1979), and the

soft-shell clam Mya arenaria ffhSngle et al. 1968). Spehar et al. (1978) exposed insects
(Pteronarcys dorsata and Brachycentrus sp.), a snail (Physa integra), and an amphipod (Gammarus
pseudolimnaeus) to lead. All species were shown to be net accumulators of lead, with residues
increasing with increasing exposure concentration.

2.2.4 Nickel

No studies were identified on the mechanisms by which aquatic biota regulate nickel. Given that it
is an essential metal, and that it is a divalent metal, it is likely that the mechanisms used are similar

to those for copper or zinc. That is, some organisms actively regulate nickel while others sequester
it to varying degrees.

2.2.5 Silver

Active Regulation: No examples of organisms that use this method of regulation for silver were
identified in the scientific literature.
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Active Regulation/Storage: No examples of organisms that use this method of regulation for silver
were identified in the scientific literature.

Storage: The data are very limited, but it appears that silver concentrations in the polychaete worm
Neries diversicolor tend to be directly related to concentrations in sediments (Bryan 1979). This

suggests that silver is stored in these organisms. It also appears that silver is not actively regulated
m the gastropod Littorina littorea (tissue coneenwatious in the gastropod increased proportionally to
the silver concentration in food items) (Bryan 1979).

2.2.6 Zinc

Active Re_adation: Like copper, Rainbow and White (1989) determined that the shrimp Palaemon
elegans can actively regulate aqueous dissolved zinc concentrations up to 100 _tg/L. Another
closely related marine shrimp (Palaemon serratus) and the freshwater decapod Austropotamobius
pallipes also appears to be active regulators of zinc (Devineau and Amiard Triquet 1985, Rainbow
and Dallinger 1993). As summarized by Rainbow and White (1989), there is evidence that a variety
of other decapods actively regulate their body concentrations of zinc, including lobster (Homarus

gammarus), crab (Carcinus maenas, Maia squinad.o), and shrimp (Crangon crangon).

There is also evidence to suggest that the freshwater oligochaete Lumbriculus variegatus may

actively regulate zinc, and the estuarine polyehaete Neries diversicolor is also known to actively
regulate it (Rainbow and Dallinger 1993). Also like copper, the amphipod E. pirloti does not
actively excrete excess zinc, but takes it up at a low net rate relative to its body growth rate
(Rainbow and White 1989).

Active Regulation/Storage: The marine mussel (Myt_lus edulis) excretes much of the zinc that it
accumulates from the kidney (George and Pirie 1980). Freshwater mussels, including Dreissena

polymorpha, Unio pictorum, and Velesunio ambiguus also appear to regulate tissue levels of zinc
(Kraak et al. 1993, Rainbow and Dallinger 1993). Accordingly, mussels are weak accumulators (or
active regulators/storers) of zinc (Rainbow 1993).

The gastropod N. reticulatus may be able to actively regulate zinc concentrations because only
minor increases in the body content of zinc were observed at very high zinc concentrations (ICaland
et al. 1993). Most zinc was found to be associated with very low molecular weight proteins,
although small amounts were also bound to high molecular weight components. The authors state it
is unlikely that substantial amounts of zinc would be associated with intracellular granules in this
gastropod.

Storage: Barnacles store very large concentrations of accumulated zinc in the form of apparently

detoxified zinc phosphate granules (Rainbow and White 1989). Rainbow et al. (1980) also
demonstrated that zinc binds to low and high molecular weight proteins in the barnacle Semibalanus
balanoides (Rainbow et al. 1980). The barnacle Elminius modestus accumulates and stores zinc in a

dctoxified granular form, and therefore, the zinc in the barnacle increases with increasing zinc
exposure (Rainbow and White 1989). In the Thames estuary, U.K., zinc concentrations have been
measured as high as 150,000 mg/kg in the barnacle Balanus improvisus with, again, zinc being
stored in granules in the form of detoxified zinc pyrophosphate (Rainbow et al. 1990).
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Oysters (Ostrea edulis) accumulate high concentrations of zinc in detoxified granules (George et al.
1978). Accordingly, oysters are considered strong accumulators of zinc (Rainbow 1993).

Timmermans and Walker (1989) reported there was no evidence that the chironomids (midges)

Chironomus riparius and Stictochironomus histrio actively regulate their zinc body burdens. Body
burdens increased with increasing zinc exposure, but zinc was lost with each cast exuvium.

2.2.7 Summary

Although control mechanisms have evolved largely for essential metals, the mechanisms also

operate quite successfully for many non-essential metals as well, allowing organisms to sequester,
for example cadmium, mercury, and silver via metallothioneins (Viarengo 1989), cadmium via high
and low molecular weight proteins (Rainbow et al. 1980), and lead in granules (Phillips and
Rainbow 1989). However, there do not appear to be any examples in the literature of active
regulation of non-essential trace metals (Rainbow 1996).

The key point regarding the regulation of essential metals is that bioaceumulation by organisms is
an intrinsic property of these metals and is essential for life. Control mechanisms for metal
bioaccumulation are fundamentally different from organic chemicals of anthropogemc origin.

Hence, the application of bioaccumulation-based hazard classification criteria developed for
organics appear inappropriate for use with metals. The following section provides a critical review
of the bioaccumulation data for aquatic biota and demonstrates that individual BCFs for metals are
not indicative of hazard potential.

2.3 RELATIONSHIP BETWEEN WATER CONCENTRATIONS AND BCFS

Many organisms can regulate metals to varying degrees. As a result, an reverse relationship
between water concentrations of metals and the corresponding BCF is often observed. This

relationship exists because at low water concentrations organisms are actively accumulating
essential metals (and often other metals via the same uptake mechanisms) to meet their metabolic

requirements. At higher water concentrations, organisms with active regulatory mechanisms are
able to excrete excess metals or limit uptake. Consequently, the metal concentration in the tissue(s)
of such an organism may be the same regardless of the water concentrations to which it was
exposed. Despite the tissue concentrations remaining the same (or nearly the same), the BCF at the
low water concentration may be quite high (suggesting high bioaccumulation potential) and the
BCF at the high water concentration may be quite low (suggesting low bioaccumulation potential).
In reality, the bioaccumulation potential of the metal expressed as actual body burden is the same

under each scenario. To better quantify and demonstrate this relationship for different metals and
organisms, a search of the scientific literature was conducted to summarize the BCF and water

concentration relationship. The following summarizes this review and subsequent analyses.

For the purposes of this analysis, the review of the scientific literature was thorough, but not
exhaustive. All studies were critically reviewed for quality, with the most important considerations
being whether steady-state tissue concentrations were achieved m the test and whether metal

concentrations were measured over the duration of the exposure period. Following U.S. EPA
guidelines (Stephan et al. 1985), it was assumed that 28 days was of sufficient duration for steady
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stateto be reached in fish (if it was not clear whether steady state was reached by the end of the
test). In addition,BCF databased on exposure concentrationsresulting in significant effects to the
exposed organismswere not used.

The following discusses the BCF data for six representativemetals: cadmium,copper,lead, nickel,
silver, and zinc. These metals were selected because their BCF databases are relatively large,
covering a varietyof species. In addition, these six metals representboth essential (copper, nickel,
zinc) and non-essential metals (cadmium, lead, silver). Ranges of BCFs for different taxonomic
groups areprovided, as well as an evaluation of the relationshipbetween water concentratiom and
BCFs for individual species. To evaluate this relationship, water concentrations and associated
BCFs were plotted on a log-log scale. The relationshiptends to be linear or very near linear, so
linear regressions for fish species were compared to those for invertebratespecies. In addition,
regressions for different taxa groups (e.g., bivalves versus non-bivalves) were evaluated. If an
organism actively regulates a metal, the slope of this relationship is expected to be near negative
one, while the slope is expected to be near zero in an organism that stores a metal in proportionto
the metalconcentrationin water. The slope is expected to be somewhere between negative one and
zero for organisms that use a combined strategy of active regulation and storage. With the
exception of algae BCF data, the results of these analyses are presented and discussed for each
metal below. Algae BCF data are limited for most metals, so these BCFs are first discussed as a
group.

For the six metals evaluated, algae BCF data are based on a range of exposure concentrationswere
typically limited to just one species. Accordingly, the BCF data across all metals were combined
into a single figure(Figure 1). There is a fair amountof scatterin the data,but this is to be expected
given that data were pooled for multiple metals and species, and from tests conducted in multiple
laboratoriesusing multiple test methods. Despite this scatter, there is a clear inverse relationship
between the BCFs and exposureconcentrations. This suggests that the metals are being regulated
by a similar mechanism. The following sections demonstrate that this is a common pattern for a
variety of otheraquatic biota as well.

2.3.1 Metal-Specific Examples

2.3.1.1 Cadmium

Cadmium BCF data for algae are primarily limited to the diatom Ditylum brightwellii. The BCFs
for this diatom are quite low, ranging from approximately 5 to 27 (Canterford et al. 1978). Given
the continuum of regulatory strategies used by invertebrates, the BCFs for these organisms are
highly variable. The largest BCF identified was 33,500 in the grass shrimp Palaemonetes pugio
(Pesch and Stewart 1980). However, this BCF was derived based on an exlremely low water
concentration of 0.1 _tg/L. At a much higher water concentration of 83 _tg/L, the BCF declines
drastically to 157. A similar pattern is observed in the BCF data for the amphipod Hyalella azteca.
At water concentrations of 0.01 and 9.0 _tg/L, the BCFs are approximately 30,000 and 512,
respectively (Stephenson and Mackie 1989, Borgmann et al. 1991). The BCFs for bivalves range
from a low of approximately 10 in the mussel Elliptio complanata (Wang and Evans 1993) to
approximately 3,000 in the Eastern oyster Crassostrea virginica (Zaroogian and Cheer 1976).
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Overall, cadmium BCFs for fish are lower than those for most invertebrates, but again, the

magnitude of the BCFs tend to be dependent on exposure concentration. In one rainbow trout

(Oncorhynchus mykiss) study, for example, BCFs ranged from 12,000 at a water concentration of
0.01 _tg/L to 200 at a water concentration of 4.8 _tg/L (Kumada et al. 1973).

To further evaluate the inverse relationship between water concentration and BCF, species with
BCFs determined over a range of water concentrations were plotted on a log-log scale. Figures 2, 3,

and 4 graphically demonstrate that cadmium BCFs for most species tend to decrease with increasing

exposure concentration for fish, non-bivalve invertebrates, and bivalves, respectively. The
decreasing trends suggest that most fish and invertebrate species have the ability to actively regulate
internal cadmium concentrations using a mechanism that appears similar to active regulation.

These figures clearly demonstrate that BCFs cannot be interpreted without consideration of the
exposure concentrations. As discussed, the available BCFs for rainbow trout range from
approximately 12,000 to 200 between exposure concentrations of 0.01 and 4.8 _tg/L. The BCF of
12,000, if considered by itself, suggests the bioaccumulation potential of cadmium is quite high,
while the BCF of 200, if considered by itself, suggests the bioaccumulation potential of cadmium is
relatively low. Despite the BCFs differing by a factor of 60, the tissue concentrations only differ by
a factor of eight. It is more appropriate, therefore, to compare the relative BCFs between species at
the same water concentrations or by considering the actual metal residues in the organisms. If the

regressions in Figures 2, 3, and 4 are compared, for example, it can be discerned that fish tend to
accumulate lower levels of cadmium than invertebrates. Not surprismgiy, if the actual metal
residues in tissue are considered, organisms that are known to store metals in detoxified forms have
the highest tissue residues: bivalves, polychaetes, and insects. The residues measured in fish are
two orders of magnitude lower. As discussed below, these relationships are not just relevant to
cadmium, but to a variety of other metals as well.

2.3.1.2 Copper

Copper BCFs for algae tend to be lower than for other types of aquatic biota, as observed for

cadmium. Copper algal BCFs range from approximately 40 in the diatom Ditylum brightwellii
(Canterford et al. 1978) to approximately 600 in the alga Heteromastix longifillis (Riley and Roth
1971). The BCFs for invertebrates are again highly variable due to the differing regulatory
strategies of these organisms. The largest copper BCFs in invertebrates appear to be for the Eastern
oyster Crassostrea virginica; BCFs are approximately 28,000 and 20,000 at water concentrations of

25 and 50 _tg/L, respectively (Shuster and Pringie 1969). The BCFs appear to decline with
increasing exposure concentration, but the strength of this relationship is uncertain because the
exposure concentrations only span a factor of two. Measured BCFs tend to be lower for non-

bivalve invertebrates; they range from 442 to 10,800 in two species of amphipods (Borgmann and
Norwood 1995, Ahsanullah and Williams 1991), 320 to 1,040 in isopods (Brown 1977), and 260 to
4,547 in four species ofpolychaetes (Millanovich et al. 1976, McKlusky and Phillips 1975).
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Copper BCFs were plotted versus their water concentrations to determine whether an inverse
relationship also exists for copper. No appropriate whole body copper BCFs were identified for
fish, but BCFs for non-bivalve invertebrates (one amphipod and two polychaetes) were determined

over a range of exposure concentrations. The BCFs for all of these species were inversely related to
water concentration (Figure 5). This observed relationship for polychaetes is not surprising since
there is evidence that some species actively regulate their internal copper concentrations ('Pesch and

Morgan 1978, Young et al. 1979). A similar pattern was observed for three of the four bivalve

species with sufficient BCF data, although the slopes are more variable (Figure 6). The relationship
for the bay scallop Argopecten irradians is positive, although the mechanism for this is unclear.
Zaroogian and Johnson (1983) note that weight and spawning are responsible for fluctuations in
tissue copper concentrations. It is possible that "normal" variability in growth, and therefore copper
concentration, may be responsible for the increasing relationship that was observed (although this
was not confwmed). The species with the highest tissue residues were the Eastern oyster, an isopod,

and a polychaete.

2.3.1.3 Lead

Lead BCFs in algae are quite variable and tend to be larger than those for cadmium and copper, with
BCFs ranging from 26.1 in Dunaliella tertiolecta (Riley and Roth 1971) to 14,800 in Selenastrum

capricornutum (Vighi 1981). The non-bivalve invertebrate with the highest measured BCF (8,000)
is the isopod Asellus meridianus (Brown 1977). The BCFs for most other non-bivalve invertebrates
are generally less than 1,000. The BCFs for bivalves tend to be higher than those for other types of
invertebrates, but still less than 5,000. Lead BCFs for fish are limited, but BCFs for brook trout
Salvelinus fontinalis were less than 100 over a range of water concentrations (Holcombe et al.

1976).

Like cadmium and copper above, BCFs measured over a range of exposure concentrations were

plotted for those species with sufficient data. Figure 7 show a decreasing trend between BCFs and
water concentration for an amphipod, eaddisfly, stonefly, snail, and fish. A wide range of water
concentrations were tested for these species, further strengthening this relationship. Conversely,
lead BCFs for four species of bivalves were nearly constant over a wide range of exposure

concentrations (Figure 8). This is consistent with Phillips and Rainbow's (1989) observation that
bivalves tend to store lead in detoxified granules.

2.3.1.4 Nickel

Nickel BCF data are primarily limited to a cladoceran (Daphnia magna), three bivalve species, and
a fish (Pimephales promelas). The cladoceran BCFs are all less than 200 (Hall 1982, U.S. EPA

1986). The measured BCFs for Cerastoderma edule, a bivalve, range from 3,198-59,600 (Wilson
1983), but are less than 350 for blue mussels and Eastern oysters (Zaroogian and Johnson 1984).

The measured BCFs in fish are all less than 110 (Lind et al. Manuscript). The high BCFs for C.
edule are a function of both experimental design and the propensity for this species to
bioaccumulate nickel. The highest BCF (59,600) is certainly a function of extremely low water

nickel concentrations (e.g., 0.1 _tg/L) to which they were exposed. However, even at higher water
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concentrations, C. edule still appears to bioaccumulate nickel to a greater extent than other species
tested. For example, at l0 _g/L the BCF for C. edule is 3,200 compared to 164 for Mytilus edulis

ffigure 9).

BCFs plotted versus water concentrations again demonstrated an inverse relationship m certain
spccics. Both the bivalves and the fish showed an inverse relationship between BCF and water
concentration (Figure 9).

2.3.1.5 Silver

The BCF data for silver are much more limited than for the other five metals. Multiple (i.e., >1)

BCFs are available for blue mussel (Mytilus edulis) and bluegill sunfish (Lepomis macrochirus)

(Table 3). An inverse relationship was observed for the blue mussel, while an increasing
relationship was observed for bluegill. The BCFs for bluegill sunfish surprisingly increase with
increasing exposure concentration (U.S. EPA 1987b). The mechanism for this, if the data are
accurate, is unclear. The relationship is only based on two data points from one study, so the results

should be interpreted cautiously. Nehring (1976) evaluated silver concentrations m mayflies

(Ephemerella grandis) and stoneflies (Pteronarcys californica) exposed to silver in the laboratory.
Silver concentrations were only measured in dead organisms, so the results were not included m the
database. However, given that data for silver are lacking, the results from this study are briefly
summarized here. Mayfly and stonefly BCFs in dead organisms ranged from 17-84 and 14-37,

respectively (assuming a moisture content of 80 percent). As in blue mussels, the BCFs for both
insects declined with increasing exposure concentrations.

Table3. SilverBCF data forspecieswithmore thanonedata point.

TissueConc.(_tg/kg
Species WaterCone.(_tg/L) ww) BCF

Bluegill(Lepomismacrochirus) 10 150 15

100 15,000 150

Bluemussel(Mytilusedulis) 1 765 765
a

5 775 155

10 1,055 106

2.3.1.6 Zinc

Zinc BCFs for algae are quite variable, ranging from 50 in the alga Olisthodiscus luteus (Riley and
Roth 1971) to 12,000 in the diatom Thalassiosira pseudonana (U.S. EPA 1987c). Measured zinc

BCFs in non-bivalve invertebrates range from as low as one m the crayfish Oronectes virilis
(Mirenda 1986a) to 2,640 in the amphipod Hyalella azteca (Borgrnarm et al. 1993). Measured
BCFs m some bivalves are higher, being as high as 27,080 in the Eastern oyster (Shuster and
Pringle 1969). Measured BCFs in fish are much greater than m the other metals discussed above.

In Atlantic salmon (Salmo salar), for example, BCFs are as high as 14,000 (Farmer et al. 1979) and
as high as 5,800 in the flagfishJordanellafloridae (Spehar et al. 1978).
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As for most of the other metals, an inverse relationship between BCF and water concentration was
observed for zinc in bivalves, non-bivalve invertebrates, and fish. The slope was very steep for

three of four fish species, but fairly fiat for a fourth (Poecilia reticulata) (Figure 10). The lack of an
observed relationship in P. reticulata, however, may simply be due to the narrow concentration

range to which fish were exposed (i.e., less than a factor of four difference). This inverse
relationship is expected since fish tend to be active regulators of zinc (PhiUips and Rainbow 1989).
The BCF-water concentration relationship for two species of amphipods are remarkably similar

(Figure i I). This strong negative relationship is not surprising since the regulatory strategy of some
amphipods (e.g., Echinogammarus pirloti) approaches that of active regulation (Rainbow and White
1989).

This amphipod technically does not actively regulate, but its uptake of zinc is so slow that it appears
to actively regulate via growth dilution (Rainbow and White 1989). Lastly, inverse relationships
were observed in four species of bivalves (Figure 12). It is somewhat surprising that a strong
decreasing trend is observed for the Eastern oyster since some oyster species are known to store
high zinc concentrations in detoxified granules (George et al 1978). In organisms with this

regulatory strategy, the BCF tends to be constant. The apparent decreasing relationship may simply
be a function of limited data for the Eastern oyster.

2.3.2 Interpretation

Several observations can be made from the data presented. First, the slopes of the BCF and water

concentration relationships for the essential metal zinc are much steeper than those for the non-
essential metal lead. Even for non-bivalve invertebrates, the slopes for lead tend to be much more

shallow for most species. This provides further support that zinc is more actively regulated than
lead. The slopes for lead and zinc appear to represent the two extremes. The slopes for other
metals, such as cadmium and copper, tend to fall somewhere between those for lead and zinc. The
mechanistic reasons why this occurs is unclear.

Second, these examples provide additional evidence that BCFs axe a function of regulatory
mechanisms and that single BCFs do not predict the bioaccumulation potential of metals in most
organisms due to the inverse relationship between BCF and water concentration. Similar to the
algae BCF data plotted in Figure 1, if all BCFs for fish axe graphed, a clear decreasing trend is again
observed between different species and metals (Figure 13). Again, this demonstrates that metals in
fish are regulated by similar mechanisms. Moreover, this figure clearly shows that the inverse

relationship between BCFs and water concentrations is important for multiple metals.

The primary principle behind using BCFs in hazard classification is that chemicals with large BCFs

have the potential to reach high tissue concentrations and result in long-term direct toxicity or
secondary poisoning. The following sections discuss the relationship between BCF, tissue residue

concentration, and potential for long-term (chronic) toxicity and/or secondary poisoning.
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2.4 BIOACCUMULATION AS AN INDICATOR OF CHRONIC TOXICITY FOR
METALS AND METAL COMPOUNDS

The concept that BCFs can be used as an indicator of chronic toxicity sterns from the assumption

that larger BCFs are indicative of higher tissue concentrations, which in turn result in direct or
secondary toxicity. This concept is primarily relevant to organic chemicals with narcosis as the
mode of toxic action (Veith et al. 1985, McCarty 1986). An organic chemical's bioaccumulation

potential is often related to its lipophilicity, as measured by its octanol-water partition coefficient
(Kow) (Veith and Kosian 1982). Chemicals with a high Ko_ have a slow uptake rate in organisms
and an even slower excretion rate (Veith et al. 1979, Spacie and Hamelink 1982).

This relationship results in two general trends: (1) the acute toxicity of high Kow compounds is
relatively low because uptake is limited during short-term exposures; and (2) the low excretion rates
can result in chronic toxicity at levels much lower than that observed for acute toxicity (i.e., large
acute-chronic ratios). Consequently, organic chemicals with a high Kow have the potential for

chronic toxicity at concentrations much lower than those observed for acute toxicity (i.e., the

chronic toxicity potential of high Kowcompounds is greater). Hydrophobicity, as measured by Ko_,
can be used to explain and predict toxicant kinetics and effects, but as noted by MeC.arty (1986),
this interrelationship may be of utihty for many organics but will not apply to all chemicals. For

metals, Winner (1984) states that studies have shown that accumulated metal may be poorly, or
even negatively, correlated with toxicity. For example, a negative correlation between whole body
bioaccumulation and toxicity of copper in rainbow trout has been demonstrated (Dixon and Sprague

1981), possibly due to the induction of metallothionein (Winner 1984) and due to a lack of
measurement of copper at the site of action where the toxicity occurs.

Simply put, the bioaccumulation potential of a metal based on whole body measurements is not
indicative of its toxicity because aquatic organisms have regulatory mechanisms for actively

excreting excess metal and/or for storing excess metal in detoxified forms. Additionally, metals

only appear to become toxic when these regulatory mechanisms are overwhelmed (Phillips and
Rainbow 1989, Bryan 1979) and when the concentration at a site of toxic action exceeds a toxic

, threshold. Obviously at high enough exposures, bioaccumulation in an organism overloads

regulatory mechanisms and exceeds a toxicity threshold at a site of toxic action. This
unpredictability of BCFs stems from two primary factors. First, as demonstrated above, BCFs are a
poor indicator of bioaccumulation potential in a variety of organisms because BCFs are often
inversely related to exposure concentration. The data on rainbow trout exposed to cadmium in the
previous section provided a good example of this. Second, bioaccumulation potential is a poor
indicator of toxicity because many organisms can store metals in detoxified forms. Consequently,
the bioaccurnulation potential in these organisms may be high, but the potential for toxicity is

negligible. Issues associated with the relationship between bioaccumulation and toxicity of metals
are discussed further below with specific examples provided.
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2.4.1 Relationships Between BCFs and Chronic Toxicity

To demonstrate the lack of relationship between the magnitude of the whole body BCF and the

chronic toxicity of metals, a series of figures were developed to graphically display the data. In

Figure 14, the mean, minimum, and maximum BCFs (fish and invertebrates) for five metals are
plotted against their chronic toxicity as defined by the U.S. EPA ambient water quality criteria for
each metal (U.S. EPA 1985b,d,e, U.S. EPA 1986, U.S. EPA 1987c). Other regulatory agencies

have developed alternative criteria, but the general relationships between metals are the same. As
shown in the plot, cadmium is the most toxic of the metals evaluated and nickel the least toxic.
Because BCFs for metals are highly dependent on exposure concentration for many aquatic

organisms, we only plotted the BCFs that were based on exposure concentrations at the chronic
criterion and ten times the chronic criterion. For example, the U.S. EPA chronic criterion for

cadmium is 1.1 pg/L; therefore, only BCFs derived at water concentrations between approximately

1 and 11 _tg/L were plotted. This ensures that very high or very low BCFs for a metal, based on
exposure to very low or very high metal concentrations m water, are not over represented m the
figures and adding bias to the comparison between BCFs and chronic toxicity potential. As shown
m Figure 14, no relationship between the magnitude of the BCF and chronic toxicity is apparent
based on this figure. For cadmium and zinc, the mean, minimum, and maximum BCFs are almost

identical despite the chronic criterion for cadmium being 120 times lower than the zinc criterion.

Evaluating a single species and a single metal, the study by Borgmann et al. (1978) provides further
evidence that there is no relationship between the magnitude of a BCF and direct toxicity.

Borgrnarm et al. exposed aquatic snails (Lymnaea palustris) to lead nitrate for 120 days. Results
from this study are summarized in Table 4. The study demonstrated that increased toxicity is not
necessarily observed in organisms with larger BCFs. The percent survival in mails with a lead BCF
of 2,500 was not less than the percent survival in snails with a lead BCF of 304. Further, the same

levels of toxicity are not observed m organisms with similar BCFs. The percent survival m three

groups of snails, all with lead BCFs of approximately 2,500, ranged from 15-79 percent. At a low
water concentration, the lack of a relationship between the BCF and toxicity is again a function of
the inverse relationship between the BCF and water concentration. At higher water concentrations

the BCF is fairly constant, demonstrating that tissue concentrations were increasing in proportion to
exposure concentrations. At these concentrations, the results demonstrate that toxicity is not related
to the BCF but, rather, must be related to the actual tissue concentration.

Table 4. Relationship betweenlead BCFs and toxicityin the snailLymnaeapalustris (Borgmann et al. 1978).

WaterCone.(pg/L) WholeBodyTissue BCF % Survival
Conc.(mg/kgww)

3.8 (control) 1.2 300 69

12 30.4 2,500 79

19 47.0 2,500 39

31 71.2 2,300 15

54 NR NA 2

97 NR NA 0
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In organisms that do not regulate metals by active excretion, but store them m detoxified forms,
there also does not appear to be any relationship between bioaccumulation potential and toxicity.
Since these aquatic organisms can bioaccumulatelarge amountsof metal without overloading their
storage mechanisms,bioaccumulationpotential is clearly not indicative of the metal's potential to
exerttoxicity. The barnacle Elminius modestus, for example, accumulates zinc at a high rate with
no apparentsignificant excretion (Rainbow 1996). Concentrations in some barnacles may reach
100,000 mg/kg dw without any known deletenous effect on the organism.

Based on the BCFs for multiple metals (arsenic,cadmium, copper,lead, nickel, selenium, and zinc)
presentedin previous figures, it is clear that the BCF for most types of organisms is dependenton
the exposureconcentration. Although the observed BCFs are clearly variableand overlap between
metals, no relationship exists between the magnitude of a metal's BCF and its direct toxicity
potential.

2.4.2 Species Sensitivity Distributions

As explained above, metal BCFs and bioaccumulation potential are influenced by the regulatory
mechanisms used by aquatic organisms. The toxicity of metals to aquatic biota is also directly
related to their regulatory mechanisms because toxicity is observed when these regulatory
mechanismsare overloaded (Phillips and Rainbow 1989). Accordingly, the regulatory mechanism
influences metal bioaccumulation, BCFs, and toxicity. To further evaluate the relationships
between regulatory mechanism, bioaccumulation potential, and toxicity, large databases of acute
toxicity data for metals were analyzed. It was not possible to analyze chronic toxicity data because
they are available for only a limited number of species. These databases containtoxicity data for
diverse groups of freshwater and marine organisms with different regulatory strategies, mchidmg:
cladoceram, copepods, amphipods, bivalves, oligochaete worms, polychaete worms, gastropods,
decapods,aquaticinsects,andseveralfishspecies.Inevaluatingthespeciessensitivitydistributions
forcadmium,copper,nickel,silver,andzinc,itisclearthatcertaintaxonomicgroupshavesimilar
relativesensitivitiestothesemetals(Brixetal.2000a,b).

As discussedinSection3.2,themarinedccapodP.elegansregulatescopperandzincoverawidc
rangeofmetalconcentrations.Otherdccapods,includinglobstersandcrabs,arcalsoknown to
activelyregulatecopperandzinc.Apparently,activeregulationofessentialmetalsbydccapodsis
notnccessaxilyrestrictedtoolderlifestagesoforganisms,suchasjuvenilesandadults.Larvaeof
theprawnPalaemonserratuJ,forexample,havebcenreportedtoregulatezinc(Dcvineauand
Amiard-Triquet1985).Itispresumedthatembryoslacksufficientlydevelopedorganstoactively
regulateordctoxifymetals.As such,theselifestagesarcassumedtobcmoresensitivetometals.
The marineamphipodE.pirlotiaccumulateszinc,buttherateofnetuptakeisveryslow.In
addition,thisamphipodalsoaccumulatescopperwithnoevidenceofactiveregulation.Attheother
extreme,thebarnacleE.modestusaccumulateshighlevelsofcopperandzincindetoxificdgranules
withno significantexcretion.The dataformarinegastropodssuggestthatregulationofzincis
species-specific.For example,Littorinalinoreaisknown tostorezincand othermetalsin
detoxifiedgranules(MasonandNott1981),whileKalandetal.(1993)suggestthatNassariua
reticulatusmay beabletoactivelyregulatezinctosomedegree.As fornon-essentialmetals,the
decapod,amphipod,andbarnacleallaccumulatecadmiumwithno activeregulation.Giventhe
aboveinformation,therelativesensitivitiesoftheseorganisms,andrelatedorganisms,werethen
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compared to determine whether a relationship may exist between sensitivity and regulatory
mechanism.

2.4.2.1 Cadmium

Saltwater Organisms. The available toxicity data for cadmium suggest that, overall, decapod
crustaceans are the most sensitive taxonomic group (Figure 15). Toxicity data are available for

multiple life stages of crabs, shrimp, and lobsters, and early life stages are more sensitive than older
life stages. This is not surprising given that early life stages are expected to be more sensitive due to
their underdeveloped regulatory abilities and that older life stages of deeapods tend to be active

regulators that are unable to detoxify excess metal. Amphipods, in contrast to deeapods, do not
appear to excrete excess metal or have well developed storage mechanisms for metals, rather, they
tend to regulate metals by having a very slow uptake rate. As a result, amphipods would be
expected to have a moderate to high sensitivity to cadmium after a sufficient exposure time.
However, amphipods actually appear to be of moderate to low sensitivity. The basis for this result
is not entirely clear, but it may be that their relatively slow uptake rates reduce their relative
sensitivity in short-term acute toxicity tests. At least some species of gastropods are known to bind
metals with metallothionein and other organopmteins (Kaland et al. 1993). This may explain why

gastropods tend to have a relatively low sensitivity to cadmium (Figure 15). Worms appear to have
variable regulatory strategies between species, so it is not surprising that the sensitivities of worms
relative to other organisms is quite variable (Figure 15). Overall, the data suggest that organisms
with negligible regulatory abilities (e.g., embryos) or active regulation tend to be more sensitive to

cadmium. These organisms tend to have limited mechanisms for storing detoxified metals and,
hence, cannot tolerate very high levels of a non-essential metal such as cadmium.

Freshwater Organisms. The freshwater taxa most sensitive to cadmium are cladocerans and
amphipods, while the least sensitive taxa include insects and worms (Figure 16). Limited data were
identified in the literature on the mechanisms used by cladocerans to regulate metals, but since they
do not bioaccumulate cadmium to high levels (Figure 3), it is unlikely that they are able to store
large amounts of detoxified cadmium. Griffiths (1980) observed calcium granules in Daphnia
magna exposed to cadmium, but it is not clear if these granules act as a detoxifying mechanism.

Bodar et al. (1990) and Stuhlbacher et al. (1992) studied cadmium resistance in Daphnia magna and
determined that resistance was a physiological response, not hereditary. Daphnia that were pre-
exposed to cadmium tended to accumulate more cadmium than daphnids that were not pre-exposed.
It is possible that cadmium was being bound by metallothionein-like proteins (Bodar et al. 1990,

Stuhlbacher et al. 1992). Given that there is little evidence to suggest that any organism can actively
regulate the non-essential metal cadmium, it is likely that the limited storage capacity that daphnids

may have when not pre-exposed to cadmium is quickly overwhelmed and toxicity results at
relatively low concentrations.

Amphipods, in general, also do not appear to have well developed storage mechanisms for metals.
Rather, they tend to regulate metals by having a very low net uptake rate. Similar to cladocerans,
therefore, they may be among the more sensitive species to cadmium because they have a limited

ability to store the metal in a detoxified form. In contrast, aquatic insect larvae do store metal.
Consequently, these organisms generally have the capacity to store large amounts of metal in a
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detoxified form. There are many factors that influence the sensitivities of organisms to a metal, but
the above examples suggest that the regulatory mechanisms of aquatic biota may be a significant
factor. Since the regulatory strategy of an aquatic organism profoundly influences the
bioaccumulation potential of a metal within an organism, these examples provide further evidence
that bioaccumulation potential cannot be correlated with the potential for toxicity. The above
examples, may even suggest an opposite relationship exists, i.e., bioaccumulation potential and
toxicity potential of metals are inversely related as a function of metal regulatory strategy.
Organisms that bioaccumulate large concentrations of metals do so because they have the necessary
storage mechanisms to detoxify the metal; organisms without the ability to store metals in
detoxified forms generally are more sensitive and bioaccumulate lower concentrations of metals.

2.4.2.2 Copper

Saltwater Organisms. The most sensitive species to copper that have been tested include early life
stages of bivalves and fish (Figure 17). Of the five most sensitive species to copper, the life stage
for four was the embryo (three bivalves and one fish species) and newly hatched nauplii in the filth
(a copepod). As discussed above, early life stages of organisms such as these embryos, in
particular, generally have underdeveloped regulatory abilities compared to adult organisms.
Toxicity data are also available for larvae of the barnacle (Balanus improvisus). Presumably due to
the lack of detoxification mechanisms at this life stage, larvae of this barnacle are of moderate
sensitivity, rather than low sensitivity as would be expected given the high copper storage capacity
of adults. Toxicity data are available for five species of decapods. Given that decapocls can
generally actively regulate copper, it was expected that these organisms would be among the more
sensitive invertebrates. Instead, however, the decapods have a wide range of sensitivities to copper.
Dungeness crab (Cancer magister) larvae are fairly sensitive, but green crab larvae (Carcinus
maenas) are over an order of magnitude less sensitive. The polychaete Nereis does not appear to
regulate copper (Leland and Kuwabara 1985), but stores it in detoxified forms. This is consistent
with the available toxicity data for copper, as Nereis diversicolor is one of the least sensitive marine
species that have been tested.

Freshwater Organisms. The species sensitivity distribution for copper ,is very similar to that
observed for cadmium (Figure 18). Cladocerans and amphipods again appear to be the most
sensitive invertebrates, while insects appear to be the least sensitive. Although copper is an
essential metal and cadmium is non-essential, it is probably due to similar mechanisms that this
same relative pattern between taxa is observed. One difference being that organisms can tolerate
higher concentrations of copper than cadmium.

2.4.2.3 Nickel

Saltwater Organisms. Given that the toxicity data for nickel are much more limited than for
cadmium and copper, and the strategies used by aquatic organismsto regulate nickel are not well
known, it is difficult to identify relationships between sensitivity and regulatory strategy. The
available data demonstrate that mysids are among the most sensitive organisms that have been
tested (Figure 19). The data for bivalves again demonstrate the importance of life stage. The two
most sensitive bivalve data points are based on the embryo life stage, while the least sensitive life
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stage is based on an adult (the life stage of the third most bivalve was not reported). Bivalve
embryos do not have the ability to actively regulate or sequester excess nickel and, therefore, are
much more sensitive. Older life stages are much less sensitive despite the fact that they are likely to

have much higher BCFs.

Freshwater Organisms. The nickel toxicity data for freshwater organisms again demonstrate that
cladocerans are among the most sensitive species and aquatic insects are among the least sensitive

species (Figure 20). Although the regulatory mechanisms have not been well studied, it can

probably be assumed that cladocerans have limited ability to sequester excess nickel, while insects
can sequester large amounts.

2.4.2.4 Silver

Saltwater Organisms. Toxicity data for silver are not available for a sufficient number of saltwater

species to evaluate the relationship between sensitivity and regulatory strategy.

Freshwater Organisms. Silver toxicity data for freshwater organisms are somewhat limited, but

again cladocerans, along with amphipods, appear to be the most sensitive organisms tested (Figure
21). Insects are again generally less sensitive, suggesting that they can sequester silver in non-toxic
forms.

2.4.2.5 Zinc

Saltwater Organisms. Like copper, the most sensitive species to zinc are bivalve and fish embryo-
larvae (Figure 22). As demonstrated in the figure, storage mechanisms develop with age and the
sensitivities of juvenile and adult bivalves lessen compared to embryo-larval life stages. This is an

important point because it provides further evidence that BCFs are not related to the sensitivity of
organisms to metals. Relatively high BCFs are often associated with adult bivalves, but adult
bivalves tend to be some of the least sensitive organisms/life stages to metal toxicity. Interestingly,
decapods have a range of sensitivities, even considering that many are known to be active

regulators. This again may be explained by the slow uptake rate for some species.

Freshwater Organisms. The relative sensitivities of various taxa to zinc is again similar to the
relative sensitivities to copper and cadmium (Figure 23). Cladocerans and insects are again the
most and least sensitive taxonomic groups tested, respectively. The toxicity data for zinc further

support that the sensitivity of organisms is a function of their regulatory mechanisms, and not the
bioaccumulation potential of a metal.

2.4.2.6 Conclusions from Species Sensitivity Distributions

Among freshwater organisms, cladocerans tend to be the most sensitive taxonomic group to all of
the metals evaluated, while insects tend to be the least sensitive, or among the least sensitive,
taxonomic group (Brix et al. 2000a,b). The difference in sensitivities between these two taxonomic
groups can probably be partially explained by their different regulatory strategies. As discussed, no
data were identified on whether cladocerans actively regulate essential metal. Their ability to
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detoxify metals using metallothionein-like protein, however, seems m be limited unless they are

pre-exposed m a metal. Because they have limited ability to detoxify metals, their regulatory
mechanisms are rapidly overwhelmed and toxicity results. Conversely, aquatic insect larvae appear
to be net accumulators of heavy metals (Rainbow and Dallinger 1993). Because insect larvae can
store metals m non-toxic forms, they can regulate larger metals concentrations and, accordingly, are
less sensitive to the toxic effects of metals.

A similar pattern is observed for saltwater organisms. The most,sensitive species tend to be
embryos/larvae with undeveloped or poorly developed regulatory systems or certain deeapods that
are known to be active regulators. These types of organisms have a limited ability to sequester
excess metals and, as a result, tend to be among the more sensitive species. Other organisms, such

as polychaetes tend to be less sensitive - many of these organisms are known to store metal in
detoxified forms. Consequently, they have a greater ability to sequester excess metal and are not as
sensitive.

These relationships provide further support that bioaceumulation potential has no relationship to
toxicity. Several cladoceran and aquatic insect BCTs are available for cadmium, for example
(Figure 24). As the figure shows, most BCFs for aquatic insects are greater than those for
cladocerans, despite the sensitivities of cladocerans being much greater than for insects. If anything,
an inverse relationship between bioaccumulation potential and sensitivity may exist since those

organisms that can bioaccumulate metals in non-toxic forms tend to be the least sensitive.

2.5 SECONDARY POISONING AND BIOMAGNIFICATION OF METALS AND
METAL COMPOUNDS

Secondary poisoning results when toxicant concentrations in an organism reach a level that is toxic
to the organisms that feed on it. Substances that bioaccumulate or biornagrtify in food webs often
are considered to have the greatest potential to cause secondary poisoning. Biomagnification is the
process by which tissue concentrations of a bioaccumulated substance increase as it is passed up the
food web through at least two tmphic levels. Polychlorirmted biphenyls (PCBs) and the

, organochlorine pesticide DDT are common examples of chemicals that biomagnify in food webs
(Eisler 1986, Keith 1996). Woodwell et al. (1967), for example, observed that DDT concentrations
were found to increase in step-wise fashion from one trophic level to the next, and measured DDT
residues in birds were approximately one million times greater than the concentrations in water.

The concern with these types of chemicals is that seemingly low environmental concentrations can
have population-level effects in organisms in the upper levels of food webs. As discussed in this

section, however, there is little evidence to suggest that metals I biomagnify m aquatic food webs.
In addition, many metals do not bioaccumulate in aquatic food webs (i.e., tissue concentrations of
some metals decrease with increasing trophic level). However, the scientific literature is somewhat

contradictory on whether metals tend to result in secondary poisoning. Some studies suggest that

metals can be quite toxic via food chain transfer (Dallinger et al. 1987, Woodward et al. 1994),

1

This point refers to inorganic metal compounds, and not organometallic compounds such as methyl mercury.
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while others suggest that the diet contributesnegligibly to metal toxicity (Macek et al. 1979, Hansen
and Lambert 1987). With the exception of perhaps mercury and selenium, secondary poisoning by
metals may largely be a site-specific issue.

Leland and Kuwabara (1985) state that the classic idea of bioma_ification, developed from studies
of DDT, does not hold for most metals. Macek et al. (1979) went a step further and questioned the
importance of the foodweb as a pathway for accumulation of most chemicals. According to Macek
et al. (1979), early investigators stressing the importance of food web transfer of chemicals were
generally basing their hypotheses on studies with DDT. In addition, some researchers
demonstratingthe importance of food web transfer failed to factor in the quantitative significance of
different exposure pathways. Macek et al. (1979) studied cadmium and several organic chemicals
to determine the importance of the dietary contribution of a chemical to the body burden. The
dietary contribution was only substantial for DDT, while for cadmium, the diet contributed to only
1.2percent of the body burden in shrimp.

The limited bioavailability of inorganic forms of metals in food may explain why metals arc
generally not considered secondary poisons. It is generally assumed that higher residues of trace
substances in the food chain should result in greater hazards to the consumer; however, studies have
shown that there are a number of modifying factors that reduce the potential for adverse effects
(Hansen and Lambert 1987). Absorption of metals from food is highly variable because of the
variety of free and bound forms of the ions that are possible in food (Spacic and Hamelink 1985).
In addition, competition between related elements for active transportsites is also variable. The
following further discusses food chain transfer of metals and whether it is likely to result in
secondary poisoning. For comparison, food chain transfer and secondary poisoning by certain
organometallicandorganiccompounds are also discussed.

2.5.1 Metals and Inorganic Metallic Compounds

2.5.1.1 Cadmium

According to Suedel et al. (1994), there is little evidence to suggest that cadmiumbiomagnifies in
aquatic systems. Ferard et al. (1983) examined the transfer of cadmium in an experimental food
chain consisting of algae (Chlorella vulgaris), zooplankton (Daphnia magna), and fish (Leucaspias
delineatus). Algae were exposed to one of four cadmium concentrations for 10 days, Daphnm were
allowed to feed on the exposed algae for 20 days, and fish were allowed to feed on the Daphnia for
4 days. Algae exposed to concentrations of 10, 50, 100, and 250 _tg/L accumulated cadmium to
concentrations of 30, 92, 210, and 570 mg/kg dw, respectively. Cadmium concentrations in
Daphnia were similar to or less than those m the algae they fed upon - 32, 44, 58, and 259 mg/kg
dw at successively higher exposure concentrations. Despite the lower cadmium residues, however,
Daphnia reproduction was impaired at all exposure levels. In the fish, cadmium concentrations
were less than one mg/kg dw at all exposure levels. These results demonstrate that cadmium does
not biomagnify and they suggest that cadmium concentrations may decrease with increasing trophic
level, as demonstrated by cadmium concentrations in the algae and Daphnia. The even lower
concentrations measured in the fish may simply be a function of the short exposure time over which
fish were allowed to feed on contaminated Daphnia. The n'hfmpoint of this study is that cadmium
concentrations appear to decrease with increasing trophic level.
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It should be noted that the toxicity in Daphnm observed by Ferard et al. (1983) does not necessarily

imply that cadmium should be regarded as a secondary poison since the original cadmium
concentrations to which algae were exposed are much greater than what would be considered

environmentally relevant. Furthermore, cadmium concentrations in water were not measured,

although cadmium was likely released from the algae into the water. Consequently, the observed
toxicity in Daphnia may have been from a waterborne exposure. Further studies should be
conducted at environmentally relevant concentrations to confirm whether it should be of concern.

As summarized by Rainbow (1989), certain pelagic seabirds contain extremely high concentrations
of cadmium in their kidney and liver, and these levels appear to be natural in origin. A probable
source of the cadmium is the diet and as a result, Rainbow (1989) evaluated cadmium

concentrations in two Antarctic populations of the pelagic amphipod Themisto gaudichaudii and an

Atlantic population of T. compressa. Cadmium concentrations in these amphipocls are atypically

high and do not appear to be of anthropogenic origin. In contrast to some studies, this study
demonstrates that cadmium may be naturally bioaccumulated to high levels in some food webs and,

as such, the potential for secondary poisoning with respect to hazard classification must be
considered carefully.

There are a number of modifying factors that reduce the potential for biological effects due to
metals in the diet. Cadmium, for example, interacts with many other nutritional elements and its

bioavailability is influenced by diet, nutrition, and chemical species (I-Iansen and Lambert 1987). In

short-term feeding studies, data indicate that cadmium bound to metaUothionein is less bioavailable
than cadmium salts (Hansen and Lambert 1987). This is consistent with the review of Spacie and

Hamelink (1985) who suggest that the organically bound fraction of metal in food is relatively
unavailable for uptake in the gut. Limited metal bioavailability in birds has also been observed.

Intestinal uptake of cadmium in Japanese quail, for example, was dose-dependent and represented
only about 0.4 to 2 percent of the dose (Furness 1996).

2.5.1.2 Copper

There is no evidence that copper biomagnifies in aquatic systems, although it does appear to be
transferred through food chains (Suedel et al. 1994). As reviewed by Lewis and Cave (1982),
copper accumulation in aquatic organisms at different trophic levels varies considerably and

depends on several factors, including the physiological requirements of the organism, the source of
copper, exposure duration, migration patterns, and chemical speciation.

No studies were identified that conclusively demonstrate copper results in secondary poisoning.
Woodward et al. (1994) fed rainbow trout (Oncorhynchus mykiss) fry benthic mvertebrates from the
Clark Fork River, Montana for 91 days. The benthic invertebrates had elevated concentrations of

copper, as well as elevated levels of arsenic, cadmium, and lead. This study demonstrated that

dietary copper can be an important source for copper bioaccumulation in exposed fish, but it cannot
be conclusively stated whether the observed toxicity was due to copper, since concentrations of
other metals were elevated. The following discusses dietary toxicity studies in which fish were
exposed to diets with only elevated copper concentrations.
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Kamunde (1999) exposed rainbow trout to dietary copper concentrations of 11 (conrail), 300, and
1,000 mg/kg for 28 days. The results suggested that the gut appears to present a strong barrier to
internal uptake of elevated dietary copper. Gut tissue concentrations increased slightly, but
significantly, in fish fed 300 mg/kg copper and approximately an order of magnitude in fish fed
1,000mg/kg copper. No effects were observed on growth of the fish at these dietary copper levels.
It appears that elevated dietary copper levels alter the energy budget by expending more energy
toward copper regulation, but a higher dietary intake rate counteracted these effects and the growth
rates remained similar to the controls (Kamunde 1999).

As mother example, Mount et al. (1994) fed rainbow trout fry enriched with copper for 60 days.
Dietary copper concentrations of 660 and 800 mg/kg dw had no effect on fish growth, but resulted
in approximately 30 percent mortality. These concentrations are higher than those measured in
invertebrates in the Clark Fork River, Montana, a location with extremely elevated metals
concentrations. The authors hypothesize that the observed toxicity may actually have been due to
waterborne copper. If20 percent of the dietary copper was lost to the water (20 l_g/L),and added to
the level of copper already in the water (23 _tg/L),the waterborne copper concentration would reach
a level that is acutely toxic to trout (Mount et al. 1994). Moreover, Mount et al. (1994) note that
toxicity in other studies have not been observed at similar dietary levels, and that in one study, 30
percent mortality was not observed until the dietary copper concentration reached 3,088 mg/kg dw.
As such, this study further supports that copper is unlikely to cause secondary poisoning at
environmentally relevant concentrations. Miller et al. (1993) fed rainbow trout (O. myldss) a
synthetic trout diet containing either 13 or 684 mg/kg copper. The fish fed the 13 mg/kg diet were
also exposed to aqueous copper concentration of either 5, 32, 55, or 106 _tg/L, while fish fed the 684
mg/kg diet were exposed to aqueous copper concentrations of either 13, 38, 62, or 127 llg/L. The
experiment was conducted for 42 days. None of these combinations of dietary and waterborne
copper concentratiomaffected trout survival or growth.

2.5.1.3 Lead

According to reviews of Eisler (1988) and Suedel et al. (1994), there is no evidence that lead
biomagnifies in higher trophic levels of either freshwater or marine food webs. As reviewed by
Demayo et al. (1982), dietary lead may be virtually unavailable to fish such as rainbow trout. This
is supported by the studies summasized below.

Simulating an aquatic food chain in the laboratory, Vighi (1981) exposed Selenastrum
capricornutum (green alga), Daphnia magna (zooplankton), and Poecilia reticulata (guppy) to lead
nitrate for four weeks. Lead concentrations m guppies were three to four times greater in fish
exposed to lead via water and food than in fish exposed to lead via water only. However, lead
residues were still low (3.2 to 7.2 mg/kg ww, assuming a moisture content of 80 percent) and found
to decrease with increasing trophic level. Given that lead residues were low in fish and found to
decrease with increasing exposure level, this study provides evidence to suggest that lead should not
be of concern as a secondarypoison.

In a field study, Henny et al. (1991) similarly observed decreasing lead concentrations with
increasing trophic level. Henny et al. evaluated fish and ospreys in a portion of the Coeur d'Alene
River (Idaho) contaminated with high levels of lead. Whole fish collected along the river had

Critical Review of the Use of 49 April 2000
Bioaccumulation Potential for Hazard 55-3690-001 (01)
Classification of Metals and Metal Compounds _mma.e__J_vou_ArA,o,_Je_,,a.,a (m,a zoao)._

AR 044633



elevated lead concentrations compared to fish collected at intermediate or reference areas. Mean

whole body lead concentrations in fish from the river ranged from 0.75 mpjkg ww in largcmouth
bass (Micropterus salmoides) to 21.6 mg/kg ww m brown bullhead (Ictalurus nebulosus). Blood

levels in ospreys were inversely related to 5-aminolevulinic acid dehydratase (ALAD) activity,
indicating that they had recently been exposed to lead (decreased A.LAD activity is an indicator of

exposure, but not of effects). However, lead levels m ospreys were lower than m fish, presumably
because bones and hard parts of the fish are not ingested and this is where lead tends to accumulate

(Hermy et al. 1991). Moreover, despite elevated lead concentrations occurring in fiver sediments
and bioaccumulating m fish, there was no evidence of secondary poisoning of lead through the food
chain from sediments because no effects on osprey reproductive performance along the river were
observed.

2.5.1.4 Nickel

There is also no evidence that nickel biomagnifies in aquatic food webs (Suedel et al. 1994).
Watras et al. (1985) studied nickel accumulation in Daphnia marina fed nickel-enriched algae and
non-enriched algae (Scenedesmus obliques) for 13 days. Daphina were exposed to nickel via algae
only, water only, or a combination of algae and water. Daphnia exposed to nickel via algae only
accumulated nickel to a concentration of only 29 _tg/kg ww, while Daphnia exposed to nickel via
water only accumulated a much higher nickel concentration of 681 _tg/kg ww. There was no
indication that these levels resulted in effects to Daphnia. This study, therefore, demonstrates that
nickel is not transferred significantly between trophic levels (i.e., through ingestion), nor does it
appear to result in secondary poisoning (at least at lower trophic levels). In a field study reported by
Mathis and Cummings (1973), nickel concentrations were also found to decrease with increasing
trophic level in a food web characterized by clams, oligochaetes, omnivorous fish, and carnivorous
fish, again demonstrating that food chain transfer of nickel is minimal, as is its potential for
secondary poisoning.

2.5.1.5 Zinc

As for the other metals discussed above, there is no evidence that zinc biomagnifies m aquatic
systems (Suedel et al. 1994). Given that zinc is an essential element, many organisms are known to
accumulate zinc to high levels. Elevated accumulation rates may sometimes be mistaken as trophic
transfer (Suedel et ai. 1994). As discussed above, it appears that the organically bound fraction of
metal in food is relatively unavailable for uptake m the gut. This is also confirmed based on data for
zinc. In the sunfish (Lepomis gibbosus), for example, more zinc was accumulated from an artificial
diet than from a natural diet of snails containing the same levels of zinc (Merlini et al. 1976). No
studies were identified that explicitly assessed the potential for zinc to cause secondary poisoning.

2.5.1.6 Metal Mixtures

According to Dallinger et al. (1987), metals can reach concentrations in tissues that result m
secondary poisoning even if they do not bioaccumulate to high levels or biomagnify. Woodward et
al. (1994) fed rainbow trout fry (O. mykiss) invertebrates from the Clark Fork River, Montana that
had large concentrations of metals. The guts of the invertebrates were not purged, so the metal
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concentrationsin the invertebrates were basedon accumulatedmetal m tissueplus metals bound to

sediment m the gut. The mean concentrations of aluminum, arsenic, cadmium, copper, lead, and
zinc were 1,759, 43.1, 3.12, 381, 32.7, and 528 mg/kg dw, respectively. Fry were also

simultaneously exposed to water solutions with non-detectable levels of metals, solutions
simulating typical metal levels in the river - cadmium, copper, lead, and zinc concentrations were

• 1.1, 12, 3.2, and 50 _tg/L, respectively, or double these aqueous concentrations. The fry fed

invertebrates with high metals levels had signitieanfly reduced survival and growth, regardless of
the aqueous metal concentrations to which they were exposed.

In a second study with a similar study design, early life stages of rainbow trout (O. mykiss) and
brown trout (Salmo trutta) were exposed to aqueous metals in simulated Clark Fork water and

dietary metals from invertebrates collected from the river (Woodward et al. 1995). The aqueous
metal concentrations were the same as those tested in Woodward et al. (1994), while metal

concentrations in invertebrates were lower, with the exception of zinc. Specifically, mean arsenic,

cadmium, copper, lead, and zinc concentrations in invertebrates were approximately 19, <0.26, 174,

15, and 648 mg/kg dw. Exposure to any combination of aqueous and dietary metal concentrations
did not have any effects on survival; however, effects on growth were observed. In brown trout, for

example, exposure to aqueous metals only resulted in a 25 percent reduction in growth relative to
fish exposed to reference water and diet, a 40 percent reduction in fish exposed to dietary metals
alone, and a 50 percent reduction in fish exposed to both aqueous and dietary metals. Similar
reductions in growth were observed in rainbow trout exposed to both aqueous and dietary metals.
The Woodward et al. (1994, 1995) studies suggest that metal residues can result in secondary

poisoning.

Mount et al. (1994) exposed rainbow trout (O. mykiss) to live diets (Artemia sp.) enriched with

arsenic, cadmium, copper, lead, and zinc. No effects were observed on survival, weight, or length
after 60 days of exposure to any of the treatments. The highest treatment contained dietary arsenic,

cadmium, copper, lead, and zinc concentrations of 63, 21,250, 82, and 740 mg/kg dw, respectively.
These results are inconsistent with those reported by Woodward et al. summarized above, in which
the trout diets were based on field-exposed invertebrates.

The above studies provide evidence that metals may 'cause secondary poisoning, although the
evidence is somewhat conflicting. As discussed above, organisms have been observed to tolerate
much higher metals concentrations in the laboratory. The differences in sensitivities observed in the

Woodward et al. studies and laboratory studies discussed above is unclear. It may be a function of
the difference in bioavailabilities between naturally and artificially incorporated metals, but there

even seems to be conflicting evidence on this point. Merlini et al. (1976) observed that sunfish
accumulated more zinc from an artificial diet than from a natural one, while Harrison and Curtis

(1992) reported that enviromentally contaminated natural foods have a greater absorption
efficiency that surficially contaminated artificial diets. This is different than for some

organometaUics (e.g., methyl mercury, and organoselenium) where secondary poisoning has been
documented in both the field and laboratory.
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2.5.2 Organometallic Compounds

As thename suggests,an organometalliccompound consistsofa metaland an attachedorganic

moiety. Organometalliccompounds may be formed naturallym the environment(e.g.,

methylmercury,organoselemum)or from anthropogcmcsources(e.g.,organolead,tributyltm).
OrganometaUiccompoundstendtohavegreaterbioaccumulationpotentialthanmorgamc metallic
compounds,and some areknown tobiomagnify.Some representativeorganomctalliccompounds
arediscussedbelowforcomparisonwithinorganicmetals.

2.5.2.1 Naturally-Derived Organometallics

Methvlmercury

Methylmcrcury is produced naturally in the environment via microbial methylation of inorganic
mercury 0I) (Weiner and Spry 1996) and is known to biomagni.fy in aquatic food webs (Biddinger
and Gloss 1984, Eisler 1987, Sadiq 1992, Wala'as and Bloom 1992, Mason et al. 1995). In fish, it is

estimated that greater than 90 percent of the methylmercury accumulated is through the diet
(Wiener and Spry 1996). The high assimilation efficiency of methylmercury m fish is probably
greater than 65 to 80 percent, while the absorption rate in mice has been found to be even higher,

approximately 98 percent (Clarkson 1971). Given its high assimilation efficiency m fish,
methylmercury rapidly penetrates and is cleared fi'om the gut, binds to red blood cells, and is rapidly
transported to all organs. In addition to its high assimilation efficiency, methylmercury tends to
biomagnify in aquatic food webs because it is eliminated very slowly in fish relative to its rate of

uptake (McK.im et al. 1976). Moreover, unlike many inorganic metals, including inorganic
mercury, methylmercury does not induce metallothionein or bind to existing metallothionein with

much affinity (Wiener and Spry 1996). Based on its biochemical properties, its propensity to
biomagnify, and toxicological studies in the laboratory and field, mercury in its methylated form
should be considered a secondary poison. Organoselenium

In lentic water bodies with high biological activity, selenium is transferred through the food web as

organoselenium compounds. For example, organoselenium compotmds can bioaccumulate to levels
in aquatic invertebrates that are nontoxic to the invertebrates themselves, but toxic to the shorebirds
that feed upon them (Ohlendorf et al. 1986). Similar to methyl mercury, absorption of
organoselenium in the gut of experimental animals has been shown to be high (i.e., 95-97 percent in
rats [Thomson and Stewart 1973]). There is no evidence, however, that organoselenium
compounds biomagnify in the food web (Sandholm et al. 1973, Suedel et al. 1994). Besser et al.
(1993) exposed a simulated food chain consisting of algae (Chlamydomona reinhardtii), daphnJds

(Daphnia magna), and bluegill sunfish to organic and inorganic selenium. Except at very low
exposure concentrations, daphnids and bluegill did not accumulate selenium concentrations greater
than those in their diet. However, organoselenium has been shown to be a secondary poison to fish
and shorebirds (Finley et al. 1985, Ohlendorf et al. 1986).

Organic Arsenicals

The propensity for organic arsenic compounds to biomagnify or cause secondary poisoning in
aquatic biota has not been extensively studied. It is generally considered that organic arsenic
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compounds do not biomagnify because they are easily excreted (Biddmger and Gloss 1984).
Cockell and Hilton (1988) exposed juvenile rainbow trout (O. mykiss) to dietary organic arsenic (as
dimethylarsinic acid or arsanilic acid) concentrations of 200, 400, 800, and 1,600 mg/kg for eight
weeks. None of these dietary levels had any significant effects on growth or survival. The highest
concentration tested exceeded 1,000 times the background level in the control diet (Coekell and

Hilton 1988). The arsenic data are limited, but it is important to note that not all organometallic
compounds behave similarly with regards to biomagnification potential and secondary poisoning.
As such, they should be classified separately on a compound-by-compound basis.

2.5.2.2 Anthropogenically-Derived Organometallics

It is beyond the scope of this report to provide a detailed review on all organometallic compounds.
The propensity for methyl mercury and organoselenium compounds to result in secondary
poisoning was summarized in the previous section since it has been well document in both
laboratory and field studies. Other organometallic compounds, particularly those of anthropogenic

origin (e.g., tetraethyllead, organotins), have not been well studied in food webs. It should not be
assumed that these compounds behave like methyl mercury or organoselenium in the environment.

In addition, it should not be assumed that individual compounds within an organometallic group
will behave the same. Tributyltin, for example, behaves much differently and has a much different
toxicity potential than other organotins (e.g., monobutyltin, dibutyltin, oetyltins). As a result, these
compounds need further review before interpretation can be provided on their potential to

bioaccumulate and result in secondary poisoning.

2.5.3 Conclusions on Secondary Poisoning

Limited bioavailability from dietary sources is probably the key parameter that explains why most
conclude that inorganic forms of metals do not result in secondary poisoning. It has been
demonstrated in both laboratory and field studies that concentrations of some metals decrease with
increasing trophic level. Even though some aquatic biota may bioaccumulate metals to levels

higher than those to which they were exposed, these metals tend to have limited bioavailability to
the organisms that feed upon them. Because many organisms have developed strategies that allow
for the naturally high bioaccumulation of some metals in nontoxic forms, it also suggests that there
is a mechanism by which consumers are not poisoned by feeding on these organisms. Although no

studies on this topic are known, it suggests that detoxified metal granules are probably not
bioavailable to biota in higher trophic levels. As discussed above, some studies have suggested that
metals bound to metallothioneins are also not bioavailable to upper trophic level biota.

The majority of the data indicate that inorganic metal compounds are not secondary poisons. A
limited number of studies (e.g., Woodward et al. 1994, 1995) in which fish were fed field-exposed

invertebrates indicate that secondary poisoning may be an issue in some site-specific situations.
However, with any field study, or study with a field-based component, there may be unknown

confounding factors that influence the results. The results have yet to be duplicated in laboratory-
based food chains. On the other hand, the naturally-derived organometallics methylmereury and

organoselenium have been documented in both field and laboratory studies to result in secondary
poisoning.
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3. CONCLUSIONS

As summarized by Chapman (1996), hazard classification of metals and metal compounds should
be determined based on three specific questions:

1.) Is a substance bioavailable such that adverse environmental effects may occur?;

2.) If bioavailable, is a substance likely to cause short-term adverse effects to aquatic
organisms?; and

3.) If bioavailable, but not exhibiting short-term adverse effects to aquatic organisms, is a
substance likely to cause long-term adverse effects to aquatic organisms?

As demonstrated in this report, none of these questions are addressed by using BCFs for metals or
inorganic metal compounds. Accordingly, two major questions were addressed in this report with
regards to metals and metal compounds: (1) Is there a direct relationship between bioaccumulation
potential and direct toxicity?. In other words, do the more bioaccumualtive metals tend to be more
toxic with increasing bioaccumulation potential?; and (2) Is there a relationship between
bioaccumulation potential and secondary poisoning or biomagnification of metals? The answers to
each of these questions are summarized below.

Is there a relationship between bioaccumulation potential and direct toxicity?

"It is like stating the obvious: trace metals can be accumulated by freshwater invertebrates
(Timmermans 1993)." Invertebrates, and all aquatic organisms, must control intracellular trace
metals concentrations that are essential for life. As such, they have developed various mechanisms
that allow them to (1) acquire (i.e., accumulate) sufficient amounts of trace metals from low
ambient conditions, and (2) regulate any influx of essential trace elements beyond metabolic
requirements or non-essential trace elements that pose potential toxicity at low concentrations
(Phillips and Rainbow 1989). The regulatory strategies of aquatic organisms range from active
regulation (i.e., active excretion of excess metal) to storage (i.e., excess metals are stored in
detoxified forms). For simplicity, these two extremes in regulatory strategies are discussed further
in order to summarize the key points from this report.

Some organisms can regulate certain metals, such that all metal that is accumulated in excess of its
metabolic requirements is excreted (Rainbow 1996). As the external metal concentration increases,
the regulatory mechanism is overwhelmed and net accumulation occurs (i.e., the uptake rate
exceeds the excretion rate). In organisms such as these, the bioaccumulation potential of metals
cannot be described by individual BCFs. The organism is able to maintain a fairly constant tissue
concentration of essential metals over a wide range of metal exposure concentrations. As a result,
the BCF is dependent on the water concentration to which the organism is exposed - the
bioaccumulation potential of a metal may appear extremely high at a low water concentration, but
negligible at a high water concentration. In addition, because these organisms regulate metals
through active uptake and excretion and do not have well developed mechanisms for storing excess
metal, these organisms are unable to accumulate substantial amounts of metal before toxicity
results.
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At the other end of the spectrum, an organism may sequester all metal that is accumulated with no
significant excretion (Rainbow 1996). For these organisms, the metal is stored m a detoxified form.
Although such an organism may have a high BCF, it also has a storage mechanism (hat renders the
metal non-toxic. Since metals are stored in non=toxic forms, the high bioaccumulation potential in

these organisms, of course, has no relationship to the toxic potential of the metal.

Many studies are available in the scientific literature dernonstrating the lack of a relationship
between bioaccumulation potential and direct metal toxicity. This report also provided multiple
analyses demonstrating the lack of a relationship between bioaccumulation and toxicity. For
example, the range in BCFs for cadmium and zinc over multiple species is almost identical despite
cadmium being many times more toxic than zinc. Lastly, analyses of species sensitivity
distributions for multiple metals suggest that toxicity is partially a function of an organism's
regulatory mechanism, not its bioaccumulation potential. In fact, based on the analyses provided in

this report, it is more likely that an inverse relationship exists between bioaccumulation potential
and direct toxicity.

Is there a relationship between bioaccumulation potential and secondary poisoning?

SecOndary poisoning results when an organism is adversely affected by a substance that has
accumulated in its food items. Substances that biomagnify or bioaccumulate in food webs often are
considered to have the potential to cause secondary poisoning. For metals, however, there is little
evidence to suggest that inorganic metals biomagnify in aquatic food webs. Lcland and Kuwabara

(1985) state that the classic idea ofbiomagnification is mainly developed fi'om studies of DDT, but
does not hold for most metals. In addition to the general lack of biomagnification potential for
metals, it has been shown that several metals do not bioaccumulate appreciably in aquatic food
webs. Cadmium, lead, and nickel concentrations in tissue have both been shown to decrease with

increasing trophic level (Vighi 1981, Henny et al. 1991, Ferard et al. 1983, Mathis and Cummings
1973).

It is important to note, however, that although biomagnification of metals does not occur and the
bioaccumulation potential of many metals in aquatic food webs is low. There is some field
evidence that metal concentrations can be bioaccumulated to levels high enough to induce '
secondary poisoning (e.g., Woodward et al. 1994). As mentioned before, these studies have not

been validated in the laboratory-based food chains to eliminate confounding factors. However,
given these data, further research is necessary to resolve the importance of dietary exposure in
assessing the hazard of inorganic metals and metal compounds.

In summary, bioaccurnulation is not an appropriate parameter for hazard classification of metals and

inorganic metal compounds because (1) many organisms naturally bioaccumulate metals to high
levels, (2) it is not possible to estimate the bioaccumulation potential of metals in many organisms

because BCFs tend to be dependent on exposure concentration, (3) bioaccumulation potential
cannot be related to direct toxicity, and (4) bioaccumulation potential cannot be related to the
potential for secondary poisoning. Given that bioaccumulation potential of metals cannot be related
to direct toxicity or secondary poisoning, it should not be used as a parameter in hazard
classification of metals.
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